Purpose: Osteoodontokeratoprosthesis (OOKP) surgery is used to restore vision in end-stage corneal disorders, where an autogenous tooth supporting an optical cylinder is implanted through the cornea under a buccal mucosal graft. The ideal tooth for OOKP is a healthy single-rooted permanent tooth with sufficient buccolingual/palatal root diameter to accommodate an optical cylinder. The aim of this study was to determine the buccolingual/palatal diameters of canine and premolar roots in Chinese, for selection of teeth for OOKP surgery.
K eratoprosthesis (KPro) surgery involves implantation of an artificial optical device through the central cornea, as an alternative to a corneal transplant, to enable a clear visual axis through the anterior segment. Although the history of KPro surgery predates conventional corneal transplantation, with many historical KPros described, most have been generally unsuccessful in terms of long-term device retention, or have demonstrated high complication rates including infectious keratitis, endophthalmitis, and glaucoma. Today, KPro surgery is generally limited to only 2 forms in clinical use. The Boston Type 1 KPro is a collar and stud polymethylmethacrylate (PMMA) and titanium implant embedded within a donor cornea button and is generally used as a primary or secondary replacement for conventional keratoplasty, reserved for corneal disorders with only moderate dry eye states. It is relatively contraindicated in severe end-stage dry eye or autoimmune inflammatory conditions, due to a higher extrusion/infection risk, whereas the osteoodontokeratoprosthesis (OOKP) is generally reserved for the latter. Osteoodontokeratoprosthesis surgery was first described by Strampelli in 1963, 1 and modified by Falcinelli in 1987, 2 for patients with severe corneal or ocular surface conditions in which conventional corneal transplantation would be relatively contraindicated due to a high rate of rejection or graft failure, and indications included severe dry eye or ocular surface disease states such as Stevens-Johnson syndrome, thermal or chemical ocular surface burns, autoimmune cicatrizing ocular surface states such as ocular cicatricial pemphigoid or graft versus host disease, 3, 4 or previous multiple failed keratoplasties with or without limbal stem cell deficiency. Due to the complexity and relative irreversibility of this procedure, OOKP surgery is usually considered a treatment of last resort for bilaterally blind end-stage disease and is currently performed in only a few institutions mainly in Europe and Asia, requiring a team-based multidisciplinary approach of dedicated corneal, glaucoma, oculoplastic, and retinal subspecialists, along with a dental/oral surgical team, radiologists, and internists. Despite this, the long-term success rates of OOKP surgery have been demonstrated by several recent groups, and more OOKP surgical programs are now being developed globally. Patients who have undergone OOKP and are without ocular comorbidities have been reported to routinely achieve best-corrected visual acuities in the range of 20/20 to 20/40 vision, albeit with a narrower field of vision, and the OOKP has been reported to have an overall long-term success rate of 85% over an 18-year period.
2 Complications after OOKP remain significant, however, and include mucosal ulceration with bone exposure, glaucoma, retinal detachment, and resorption or extrusion of the keratoprosthesis lamina. Resorption of the root-bone lamina is uncommon but has been reported to occur more frequently in patients under the age of 17 years and poses a significant risk of device instability and infection; the cause for resorption of the osteo-odonto lamina is presently unknown.
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The OOKP surgical technique has been described in detail elsewhere 6-8 and involves several procedures performed in 2 or 3 stages: stage 1 OOKP surgery involves harvesting an autologous tooth, preparation of the tooth and attaching an OOKP optical cylinder, and implanting the tooth-optical cylinder complex in the subocularis space in the cheek. In addition, the ocular surface comprising the corneal and limbal epithelium and adjacent bulbar conjunctiva is removed and replaced by a full-thickness buccal mucosal graft harvested from the inner cheek. In stage 2 OOKP surgery performed 2-4 months later, the tooth-optical cylinder is retrieved and implanted through the cornea beneath the buccal mucosal graft after total iris excision, removal of the human crystalline lens or intraocular lens, and an extensive anterior vitrectomy is performed. With regards to tooth selection during stage 1 surgery, a permanent canine tooth is usually preferred because it has the largest single root, is relatively straight, and is easily accessible. [6] [7] [8] A larger tooth dimension implies a larger and thicker peripheral rim of tooth and bone surrounding the optical cylinder, which provides a greater degree of safety in the long-term postoperative period in the event of gradual bony/tooth erosion. A healthy canine tooth is ostectomized from either the maxilla or mandible with its periosteum attached and prepared by shaving down half of the root in the sagittal plane of the tooth, under copious saline irrigation. The exposed pulp is completely removed and a central circular hole is drilled through the root to match dimensions of the optical cylinder. A PMMA optical cylinder is cemented in the root with PMMA cement and the pulp chamber is also obliterated with PMMA. The completed keratoprosthesis consists of 1 sagittal half of the canine root with bone (referred to as the osteoodonto lamina), carrying an optical cylinder with a margin of dentine of at least 1 mm all around (Fig. 1) . The optical cylinder may come in different diameter sizes from 1.5 mm to 4 mm; a smaller diameter optic is utilized for smaller tooth dimensions, whereas a wider diameter affords a wider visual field. 9 The usual optical cylinders generally used in most OOKP centers and also at our center [Singapore National Eye Centre (SNEC)] measure 3.5 mm or 4.0 mm in diameter and 8.75 mm in length.
The osteo-odonto lamina serves as a hard tissue skirting for the optical cylinder to be mounted on and through the corneal surface beneath the buccal mucosal graft. (The osteo-odonto lamina has been called the "dental lamina" in ophthalmic literature, but this term should be avoided as it is confused with the dental lamina of the developing tooth germ.) The optical cylinder should transmit light onto the fovea of the retina in the central axis of the eyeball and relies on the autogenous hard tissue lamina to keep it stable in the eye.
The ideal tooth for OOKP should be a healthy permanent single-rooted tooth with a sufficient buccolingual/palatal midlevel root diameter to accommodate an optical cylinder with a minimal peripheral thickness of 1.0 mm at its narrowest point, which translates to a total mid-root diameter of about 5.5 mm to 6.0 mm. The teeth likely to be suitable for OOKP are the maxillary canine, the mandibular canine, the maxillary second premolar, the mandibular second premolar, and the mandibular first premolar. The maxillary first premolar is 2-rooted in about 50% of teeth 10 and is not a suitable candidate tooth for the OOKP procedure. The maxillary central incisor is likely to be of sufficient size for use in OOKP but its mean buccopalatal diameter at the cervical region is borderline to accommodate an optical cylinder and is less than that of premolar teeth (Table 1) .
10 Furthermore, the central incisor plays a greater role in esthetics than other teeth and is usually not considered for OOKP. The number of canals in the root and the curvature of the root should not affect the use of the tooth for OOKP unless the root curvature is severe. The candidate tooth should be vital with no significant caries or periodontal bone loss and no associated pathology. Presurgical dental evaluation of a patient for OOKP includes clinical examination of the dentition, with particular attention to the integrity and periodontal health of the canine and premolar teeth, and panoramic and/or periapical radiographs of the likely candidate teeth for OOKP. Although conventional dental radiography can give helpful information of presence or absence of caries and periodontal bone loss, the mesiodistal width, root length, and any root curvature of the candidate teeth, it does not give any information of the buccolingual/ palatal dimensions of the root. Cone beam computed tomography (CT) can be used to determine adequacy of the candidate root dimensions preoperatively but involves exposure to radiation and additional costs. A search of the literature using the Medline online database found no articles that described the buccolingual/palatal dimensions of the canine and premolar roots in humans. Dimensions of the crowns of teeth and root length have been described in the literature and have applications in orthodontics, prosthodontics, and endodontics in particular. The buccolingual/palatal diameter at the cervical region has been provided in some dental anatomy texts (Table 1) . 10 The cross-sectional shape of roots have been described in endodontics texts but the buccolingual/palatal dimensions are not included. 11 The lack of information of the buccolingual/palatal diameter of the canine and premolar roots is hardly surprising as there has not been a need for it in conventional dentistry. However, this information is likely to be helpful in determining the most suitable candidate tooth for OOKP, especially if the canine teeth are missing or if there is significant periodontal bone loss.
The aim of this study was to determine the buccolingual/ palatal and mesiodistal diameters of the permanent maxillary canine, maxillary second premolar, mandibular canine, mandibular first premolar, and mandibular second premolar roots in an ethnic Chinese population. A secondary aim was to determine if the buccolingual diameter correlated with other tooth dimensions, so as to enable an estimation of the buccolingual diameter from other available tooth measurements.
MaTerialS aND MeTHODS
This study was conducted in accordance with the principles of the International Declaration of Helsinki. Ethical approval was granted by the SingHealth Centralised Institutional Review Board.
Chinese patients aged 16 years or older, who were undergoing extractions of permanent maxillary or mandibular canines, maxillary second premolars, and mandibular first or second premolars at the National Dental Centre Singapore (NDCS), were approached to donate their extracted teeth for this study. Teeth had to be sufficiently intact and without significant damage (eg, buccal abrasion cavities, root caries, root fractures, significant root resorption, or root canal-treated teeth) to allow measurement of the dimensions of the root in its entire length. Teeth that were fractured during extraction were not included. Teeth with a history of previous orthodontics or trauma that showed no resorption could be included. Patients were informed that a study was being done to determine the buccolingual/palatal and mesiodistal diameters of the roots of these teeth. Informed consent to donate their extracted teeth was obtained from each patient or their parent or legal guardian if they were under 21 years of age or unable to give their own consent.
The extracted tooth or teeth from each patient was stored in a plastic specimen bottle with formalin for subsequent measurement. Each patient's name, registration number, sex, date of birth, race, Fédération Dentaire Internationale (FDI) notation of the tooth/teeth extracted, and reason for extraction was entered into a register and the corresponding case number was labelled on the outside of the bottle containing the tooth.
All collected teeth were washed, debris on the root scraped off with a periosteal elevator, dried, and measured in the following way: a fine marker was used to mark the apical-most point of the crown enamel on the buccal surface and the apical-most point of the enamel on the lingual/palatal surface, thus denoting the cervical level. Another 5 parallel lines were drawn on the buccal and palatal/lingual aspect of the root perpendicular to the long axis of the root, at 2-mm intervals from the cervical level (Fig. 2) . Vernier calipers were used to measure the buccolingual/palatal and mesiodistal diameters of the root at the cervical line and at 2-mm intervals below the cervical line. Other measurements made included the total tooth length, the buccopalatal/lingual diameter of the widest part of the crown, and the root length from the cervical line to the root apex. Selected teeth were remeasured more than a month later by the same or both investigators to determine intra-and interoperator variability. Each patient's biodata and tooth/root dimensions were entered into a database and stratified by race, sex, and tooth for analysis. The mean buccolingual/palatal diameter of the root was compiled for each 2-mm interval for the maxillary canine, the maxillary second premolar, the mandibular canine, the mandibular first premolar, and the mandibular second premolar, within each sex group. At least 30 teeth were sought for each specific tooth in each racial-sex group; the easiest tooth to collect was the first premolar, and the most difficult tooth to collect was the canine tooth. The tooth length, root length, crown buccolingual/ palatal diameter, and root mesiodistal width were analyzed with the assistance of a biostatistician to determine if there was any correlation with the root buccolingual/palatal diameter.
The measured dimensions of right-sided teeth were compared with left-sided teeth for each tooth (eg, upper canine). Specimens donated by different patients were compared using independent t tests and Mann-Whitney U test. Bilateral specimens donated by the same patients were compared using paired t tests and Wilcoxon signed rank test.
Prospectively recorded dimensions of the root-bone laminae utilized in OOKP surgery cases performed since the commencement of the Singapore OOKP Programme at SNEC in February 2004 were compiled and analyzed to provide a reference for comparison. Table 2 . The patient demographics for each tooth are shown in Table 3 .
Although there were statistical differences in mean between right-and left-sided teeth (P < 0.05), there was no significant clinical difference at 1 mm. For male maxillary second premolars, there was a significant clinical difference at 1 mm, but this occurred at root levels 8 and 10 mm, which were outside the clinically relevant area where the optic cylinder would be located. Hence, the dimensions of the right and left specimens of the same tooth were combined. Figure 2 is the key to the root measurements. The mean, standard deviation, minimum and maximum of the crown, and root dimensions for each tooth for male and female Chinese are shown in Appendices 1-10.
From February 2004 to February 2016, a total of 55 OOKP stage 1 procedures were performed at Singapore National Eye Centre. Of these, the donor teeth used included the right upper canine #13 [24 (43.6%)], the left upper canine #23 [21 (38.2%)], the right lower canine #43 [5 (9.1%)], the left lower canine #33 [4 (7.3%)], and the left lower second premolar #35 [1 (1.8%)]. The dimensions of the keratoprostheses fabricated from these teeth are shown in Table 4 . The choice of tooth for OOKP was guided by clinical dental findings (vital tooth with no significant caries and no periodontal pocketing greater than 3 mm), and radiographic evidence of adequate root in bone. No attempt was made to shape the root-bone lamina into a rectangle and the resultant shape of the root-bone lamina was usually polygonal. The hole for the optic was drilled in the best position as determined by the ophthalmic surgeon. The hole edge to the cervical margin was on average 2.98 ± 0.58 mm (range, 1.5 to 4.3 mm); the hole edge to the apical margin was on average 4.66 ± 1.30 mm (range, 2.8 to 9.0 mm). Figure 3 shows the development plan of the osteo-odonto lamina from the root of the donor canine. 
DiSCuSSiON
The average dimensions of an osteo-odonto lamina for OOKP were 11 × 8 × 3 mm (length × width × thickness), with a minimum of 7.5 × 5.5 × 2.8 mm, assuming the use of a smaller 3.5 mm diameter optic. The minimum dimensional limits should allow for the minimum of 1 mm of tooth margin on all sides of the optic. In calculating the "acceptable" dimensions of an osteoodonto lamina for the purposes of this study, allowance has to be given for the possibility of over-trimming the osteo-odonto lamina and consideration taken for the fact that the root should be encased in bone, which allows the thickness of the root in the lamina to be less than 3 mm. For the purposes of this study, the minimum acceptable dimensions of an osteo-odonto lamina were taken to be 8 × 6 × 3 mm.
The buccolingual/palatal root width correlates to the space available for placement of an optic, whereas the mesiodistal root width determines the thickness of the root-bone lamina. The hole for the optic is usually located closer to the cervical margin of the root-bone lamina than the apical margin because the root is broader near the cervical. The ideal location of the hole for the optic would influence the overall boundaries of the root-bone lamina. From our experience, the relevant segment of the root would be from the 2 mm to the 8 mm level; the center of the hole for the optic was usually at the 4-5 mm level from the cervical.
The acceptable range of root buccolingual width should be a minimum of 5.5 mm to accommodate a 3.5 mm diameter optic, and the root thickness within the root-bone lamina should be approximately 1.5 mm to 2.5 mm. This means that the minimum dimensions at the 6 mm root level should be 5 mm for the buccolingual/palatal root width and 3 mm for the mesiodistal root width. From Appendices 1-10, the overall root dimensions for female teeth were smaller than those of male teeth. The Min dimensions of Chinese male maxillary and mandibular canines, mandibular first premolars, maxillary, and mandibular second premolars were all sufficient for fabrication of an osteo-odonto lamina even at minimum readings. The dimensions of Chinese female maxillary and mandibular canines were sufficient for osteo-odonto lamina fabrication. The average dimensions of Chinese female mandibular first premolars, maxillary, and mandibular second premolars were sufficient for osteo-odonto lamina fabrication, but the minimal dimensions of these teeth were insufficient (ie, at 6 mm root level, buccolingual/palatal width less than 5 mm, mesiodistal width less than 3 mm) in a small proportion: mandibular first premolars (4/72, 5.6%), maxillary second premolars (2/44, 4.5%), mandibular second premolars (1/68, 1.5%).
Besides adequacy of the root size, other factors that influence the choice of tooth for OOKP surgery include the number of roots, buccolingual/palatal width of the root, vitality of the tooth, and adequacy of root invested in bone. Candidate teeth for OOKP surgery must be single rooted; the upper second premolars were noted to be occasionally 2-rooted [male 1/40 (2.5%), female 1/44 (2.3%)]. Mandibular premolars are closer to mental foramen, and using these teeth for OOKP surgery carries a risk of injury to the mental nerve with resultant paresthesia in the ipsilateral lower lip and chin. Canines are reliably adequately sized, are more anterior, and more accessible for surgery, but their absence is esthetically more obvious than for premolars. The risk of oronasal or oroantral perforation exists with the use of maxillary canines and premolars, depending on how close the floor of the nose or antrum is to the maxillary roots.
In the absence of usable teeth for OOKP (eg, edentulous patients), an alternative method is to use allograft teeth from a human leukocyte antigen-matched donor. However, this method has poor survival rates, possibly relating to allograft rejection leading to enhanced root/bone erosion. 12 Other similar KPros that may be used in severe end-stage ocular surface disease include the Boston type 2 KPro, which protrudes through the upper eyelid, or the Pintucci KPro, which utilizes a gore-tex skirt.
8 However, the anatomical survival outcomes for the Boston type 2 KPro have not been shown, and the functional results with the Pintucci KPro were comparatively poorer than OOKP, and hence both the Boston type 2 and Pintucci KPros are rarely used today.
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Although there are efforts to develop a synthetic OOKP using coral skeletons or hydroxyapatite-based material, current science is still a long way from finding a suitable alternative material for ocular use.
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In conclusion, canines remain the teeth of choice for OOKP surgery. For Chinese male and female patients, premolars (excluding the upper first premolar) can also be used as donor teeth for OOKP stage 1 surgery. However, premolars in Chinese female patients may prove to be undersized in a small minority.
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